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Abstract—This paper proposes an analytical approach for 
modeling low frequency Differential Model (DM) Electromagnetic 
Interference (EMI) noise of single-phase Power Factor Correction 
(PFC) converters within 9-150 kHz frequency range. In order to 
develop analytical model of the DM EMI noise, the switching 
function model of the converter is calculated utilizing double 
Fourier analysis including its input closed-loop impedance model. 
Notably, the analytical modeling includes Line Impedance 
Stabilization Network (LISN) circuit and EMI receiver. A 1 kW 
single-phase boost PFC converter prototype is used for validation 
of the proposed EMI modeling technique.  
Keywords—Low Frequency EMI, Analytical Modeling, Boost 
PFC Converter, Equivalent Circuit Model. 
I. INTRODUCTION  
In recent years, due to the global shift of energy paradigm to 
carbon-free technologies, the penetration of grid-tied power 
electronic systems has dramatically increased. Applying such 
technologies along with smart metering results in smarter grid 
operation, which brings suitable solutions in managing demand 
and generation sides and guarantee versatile operation of the 
power grid in distributed manner. The development of smart 
grid technologies introduces new issues directly associated with 
the assurance of the Electromagnetic Compatibility (EMC) of 
these specific systems [1]. Providing smart grid services for 
power systems usually requires the application of the susceptible 
smart metering equipment connected to power electronic 
converters, generating high-level EMI [2], [3].  Grid-tied power 
electronic converters can be generally classified into four 
categories of frequency including: 1) the converters which 
generate harmonics under 2 kHz, such as line commutated 
rectifiers, 2) the converters which are operating at frequencies 
above 20 kHz e.g., low power single-phase active rectifiers, 3) 
the converters which operate at frequencies more than 9 kHz, 
such as three-phase Pulse Width Modulated (PWM) rectifiers 
with low power, and 4) the converters which are operating at 
switching frequency less than 9 kHz such as medium and high 
power PWM rectifiers. According to this classification, most 
converters have a switching frequency between 2 and160 kHz 
[4]. In order to ensure the power electronic systems EMC, the 
generated noise emissions should be controlled within the 
specific limits following international standards [5]. However, 
as it is shown in Fig. 1, the EMI frequency ranges under 2 kHz 
and above 150 kHz are well covered with multitude standards, 
there are no general standards for the  noise emission frequency 
range of  2-150 kHz [6]. The given gap of  standardization for 
EMI in the frequency range from 2 kHz up to 150 kHz actually 
leads to challenging to the interferences caused by power 
electronic converters [7]. Extensive penetration of the power 
electronic converters and Main Communication System (MCS) 
due to their technological advancement within this range are the 
main reason that this frequency range is really of high 
importance. For instance, Photovoltaic (PV) converters [8], the 
electric vehicle onboard battery chargers [9], and laptop 
chargers [10], have an operating frequency within frequency 
range from 2 kHz to 150 kHz. MCS especially smart meters that 
measures consumption or production of electrical energy is 
essential in any smart grid and their importance is increasing due 
to the energy management requirements at both service supplier 
and consumer sides. Moreover, according to Fig. 1 most MCS 
intentionally communicate within the frequency range in which 
the power electronics generats non-intentional emission. 
Furthermore, recently there are several noise emission 
interferences reported for different power converters in this 
frequency range [11], [12]. In [11], EMI behavior of several 
different Battery Electric Vehicles (BEV) have been analyzed 
implying that the noise emission occurs within 9-150 kHz 
frequency ranges and more importantly, their behavior depends 
on the vehicle charging state. 
Notably, developing suitable equivalent circuit model of a 
power converter is one of the important stages in analyzing 
frequency behavior and consequently EMI issues. Utilizing 
power converter models not only can speed up the design 
process, prevent timely trial and error, empirical measurements 
and reduce cost, but also it is the only feasible method to study 
large scale systems. This is of special importance when it comes 
to power distribution networks in which several power 
converters are connected to the grid. So far, majority of 
 
Fig. 1. Harmonic and conducted EMI frequency range classified by IEC for 
electrical network [6]. 
conducted research studies are based on simulation models 
considering frequencies above 150 kHz [13], [14]. However, 
utilizing simulation tools is not computationally efficient.  
Thereby, there is a need for suitable analytical modeling of 
EMI emission based on power converter switching function and 
closed loop impedance models. Employing power converter 
models can be beneficial and cost-effective for EMI studies in 
power converters especially in large scale systems such as future 
smart grids. Therefore, in order to investigate EMI in this 
frequency range, this paper proposes an analytical modeling 
approach for differential noise source in a single-phase boost 
PFC converter. In the following, the proposed analytical 
modeling of EMI in the boost PFC converter is presented in 
Section II. A comprehensive comparative analysis including 
analytical models, simulations, experiments are provided in 
Section III. Finally, the outcomes are summarized in Section IV. 
II. ANALYTICAL MODELING OF LOW FREQUENCY EMI 
This section provides the analytical model of a single-phase 
boost PFC in the following. 
A. Equivalent circuit model 
EMI is one of the main challenges of grid-tied power 
electronic systems. Developing a suitable equivalent circuit 
model of the power converter is one of the important stages in 
analysing frequency behavior and consequently managing EMI 
issues. In this respect, equivalent circuit model investigation is 
started by modelling of high-frequency current injected by the 
converter to the grid. Many kinds of switches in power 
electronic converters are known as a source of EMI and 
harmonics, hence, knowing the waveform of the voltage across 
the switches provides many technical advantages for EMI 
analytical modelling of EMI. The general structure of 
implemented PFC rectifier with the LISN and EMI receiver is 
illustrated in Fig. 2.  Notably, PFC is the most common utilized 
AC-DC conversion stage for single-phase power electronic 
applications. Thereby, a boost PFC converter has been chosen 
in this paper for the case study. The voltage across the switch in 
Continuous Conduction Mode (CCM) operation is shown in Fig. 
3. The voltage across the switch waveform created by 
comparing the output of the full bridge diode rectifier voltage 
with the modulated switching signal of the converter. For 
calculating the frequency spectrum of the voltage across the 
switch, a double Fourier transform is employed by using (1). 
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where, Udc and M stating the output voltage DC value and the 
modulation index, respectively. A general closed-form solution 
of the voltage across the switch can be expressed as (2), where, 
it comprise of a DC offset value, baseband harmonics, carrier 
group harmonic and sideband harmonics. 
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Fig. 2. Block diagram of a single-phase boost PFC converter including LISN 
and EMI receiver. 
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Fig. 3. The voltage across the switch (us) in CCM mode operation in a boost 
PFC converter. 
with m and n representing the carrier group and baseband group 
indices, respectively. The fundamental and carrier angular 
frequencies are stated as wc and w0. A0n, B0n, Am0, Bm0, Amn and 
Bmn denote the harmonic coefficients, which should be obtained 
according to the associated modulation methods applied to the 
boost PFC converter. Moreover, calculating of Fourier 
coefficients need to reformulate the PWM process such that it 
can be described by a two-dimensional function. This is shown 
in Fig. 3 for PWM modulation. In this respect, the Fourier 
coefficients are calculated according to (1). Modulation index 
can be calculated by (3). 
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Particular values of the index variables m and n can be calculated 
by using (2). The DC offset in (2) is evaluated for m = n = 0 as: 
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Baseband and fundamental harmonics can be obtained by 
substituting the index variable of m = 0  in (2) as: 
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Moreover, it has to be noticed that carrier harmonics can be 
calculated with the index variable of n = 0 in (2) as: 
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Finally, with values of the index variables, m ≠ 0, n ≠ 0 in (2), 
sideband harmonics is obtained by using (7). 
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Fig. 4. Thevenin equivalent circuit of the simplified boost PFC converter. 
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Fig. 5. High-frequency dynamics block diagram of single-phase boost PFC 
converter adopted from [16]. 
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A simplified case study structure with Thevenin equivalent 
circuit is shown in Fig. 4. The Thevenin equivalent voltage, uth, 
is obtained from the double Fourier transform of the voltage 
across the switch. The voltage across the switch is the resultant 
of PWM modulation which is associated with the PWM 
modulation and output voltage of diode rectifier which is 
calculated by (1) as us(t). Moreover, in order to take into across 
the impact of full-bridge diode rectifier (see Fig. 2) on the 
voltage across the switch and consequently on the grid current, 
the Furrier transform of its switching function should be 
analyzed. Since, the switching function of the diode rectifier is 
a square ware signal, its Furrier transform can be obtained by 
using: 
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Thereby, the equivalent Thevenin voltage from grid side point 
of view in Fig. 4 is obtained by using (9). 
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For calculating the current harmonics injected by the boost 
PFC, its closed-loop input impedance is modelled. High-
frequency dynamic model block diagram of the single-phase 
boost PFC converter is shown in Fig. 5.  The input impedance 
of the PFC converter based on a large signal model can be 
obtained by using (10): 
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where, Udc is the output dc voltage, Umo is the peak-to-peak 
value of the PWM signal, and g is a constant value. More details 
regarding the modelling of the boost PFC converter’s closed 
loop impedance has been discussed in [16]. Finally, the 
analytical EMI of boost PFC can be obtained by calculating the 
current harmonics using: 
 th
cnv
in
u
i
z
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B. LISN and EMI receiver model 
To measure the conducted EMI noise voltage, the standard 
LISN is considered at the input terminal of the converter to 
create a fixed impedance, coupling power converter to the grid 
in high frequency, and provide a noise measurement terminal. 
Moreover, this provides the same condition of test for repeating 
EMI measurement in different conditions. Thereby, in order to 
model the EMI emissions, the analytical equivalent circuit 
model of LISN and EMI receiver should be developed as well. 
The current noise of converter flows into the LISN  and then into 
the EMI receiver to measure the noise emission. It has to be 
noticed that analytical relation between the output current of 
rectifier and EMI receiver branch at LISN current should be 
calculated by solving the electrical circuit. This relation is 
presented in (12). 
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where A and B are defined by using (14) and (15) respectively. 
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The EMI receiver voltage is calculated by (15). 
                                      
1meas recu R i=                                    (15)  
Furthermore, the LISN/AMN circuit per line for Band A 
according to CISPR 16 is shown in Fig. 6 (a), where its 
impedance is shown in Fig. 6 (b) illustrating LISN impedance 
for f < 150 kHz. According to CISPR 16 standard for Band A, 
the bandwidth of EMI receiver filter should be chosen as 200 
Hz[17]. Moreover, a 4th order Butterworth filter is used for 
modeling of this filter, and EMI is measured by sweeping RBW 
filter in the frequency range of band A range.  By using EMI 
peak measurement equation from [18], the EMI values can be 
calculated by using (16). 
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Fig. 6. a) Circuit of LISN in band A according to CISPR 16 b) Impedance 
frequency behavior of LISN. 
III. COMPARITIVE RESULTS 
In order to evaluate the proposed modelling, the PFC 
rectifier shown in Fig. 2 is considered under Continuous 
Conduction Mode (CCM) as it is summarized in Table I.  Two 
simulation cases are considered to show the 9–150 kHz EMI 
performance of the PFC rectifier with different switching 
frequencies. The type of LISN for measurement of low-
frequency EMI is ESH2-Z5 (9 kHz-30 MHz) and also the digital 
oscilloscope model, which is used in the experimental set up is   
LeCroy Wave Surfer 3024-200 MHz (4 channels). Moreover, 
the EMI receiver analyser model is N9010A EXA. A 
photograph of these instruments is shown in Fig. 7.  
The switching model has been run in PLECS software. The 
sampling frequency of simulation and experimental results is 
100 kHz. Fig. 8 shows the obtained experimental, analytical and 
switching model for EMI peak measurement (Band A) with 
switching frequency of fsw = 20 kHz. As it can be seen, the 
analytical model exactly matches the switching simulation 
model and the error is less than 1 dB in the main harmonics. 
Moreover, the obtained results not only confirm the 
effectiveness of the analytical modeling method but also easy to 
investigate system level EMI and design of EMI filter for the 
converter. According to Fig. 8, experimental results confirm the 
analytical and switching model for EMI at low frequencies, 
where, obviously the modeling error is under 1.2 dB. Table. II 
presents the results of differential mode EMI and error of 
experimental, simulation and analytical models. It is clear that 
the error of the proposed model is not considerable.  
The second case study has been simulated and modeled to 
further investigate the analytical model effectiveness. Fig. 9 
shows the experimental input current, voltage and output voltage 
waveforms of the single-phase PFC rectifier for the case of 
switching frequency equal to 25 kHz. The EMI peak 
measurement is shown in Fig. 10. According to Fig. 10, the 
experimental results confirm the analytical and switching model 
for low frequency EMI with switching frequency of 25 kHz. 
Finally, Table. III presents the results of differential mode EMI 
and error due to experimental, simulation and analytical models 
for whole range of current harmonics. Moreover, the error has 
been calculated for models with a comparison with each other. 
It is also important to highlight that the error of the analytical 
model at low-frequency EMI is negligible.  
TABLE I. CASE STUDY SPECIFICATION. 
SYMBOL PARAMETER VALUE 
UNIT OF 
MEASURING 
UIN GRID PHASE VOLTAGE 230 Vrms 
FG GRID FREQUENCY 50 Hz 
L DC LINK INDUCTOR 1.8 mH 
FSW SWITCHING FREQUENCY  20,25 kHz 
CDC DC LINK CAPACITOR 500 µF 
UDC OUTPUT VOLTAGE 400 V 
PO OUTPUT POWER 1 kW 
 
Fig. 7. Photograph of the test setup for Boost PFC converter. 
 
Fig. 8. Obtained eperimental and analytical and switching model for EMI peak 
measurement (Band A) with switching frequency (fsw = 20 kHz). 
TABLE II. OBTAINED COMPARATIVE DIFFERENTIAL MODE NOISE VALUES 
FOR QUASI-PEAK MEASERMRNT, SIMULATIONA AND PROPOSED ANALYTICAL 
APPROACH AT 20 KHZ. 
BOOST PFC IN CCM OPERATION CASE(FSW = 20 KHZ) 
fD 
Experimental 
[dB] 
Analytical 
[dB] 
Simulation 
[dB] 
EA-E 
[dB] 
ES-E 
[dB] 
ES-A 
[dB] 
1 130.63 129.7 129.6 0.93 1.03 0.1 
2       121.7 120.5 120.25 1.2 0.55 0.25 
3 114.5 113.5 114.4 1 0.1       0.9 
4 109.68 108.75 109.1 0.93 0.58 0.35 
5 105.82 106.4 106.6 0.58 0.78 0.2 
6 104.3 103.7 104.2 0.6 0.1 0.5 
7 102.3 102 101.8 0.3 0.5 0.2 
 FD : DIFRENTIOAL FREQUENCY    
ES-E: ERROR FOR  SIMULATION  AND EXPERIMENTAL 
EA-E: ERROR FOR  ANALYTICAL AND EXPERIMENTAL 
ES-A: ERROR FOR  SIMULATION  AND ANALYTICAL 
 
 
Fig. 9. Measured experimental waveform of a single phase PFC rectifier with 
following Table1(fsw = 25 kHz). 
 
Fig. 10. Obtained eperimental, analytical and switching model for EMI peak 
measurement (Band A) with switching frequency of fsw = 25 kHz. 
TABLE III. OBTAINED COMPARATIVE DIFFERENTIAL MODE NOISE VALUES 
FOR QUASI-PEAK MEASERMRNT, SIMULATIONA AND PROPOSED ANALYTICAL 
APPROACH FOR 25 KHZ. 
BOOST PFC IN CCM OPERATION CASE(FSW = 25 KHZ) 
fD 
Experimental 
[dB] 
Analytical 
[dB] 
Simulation 
[dB] 
EA-E 
[dB] 
ES-E 
[dB] 
ES-A 
[dB] 
1 
2 
129.48 
121 
129.47 
120.2 
129.39 
120 
0.01 
0.8 
0.09 
1 
0.08 
0.2 
3 113.6 112.68 113.2 0.92 0. 4 0.52 
4 109 108.6 109.5 0.4 0. 5 0.9 
5 104.5 105.75 105.5 1.25 1 0.25 
6 104.5 104.3 104.8 0.2 0.3 0.5 
 
IV. CONCLUSION  
In this paper, an analytical technique for low-frequency EMI 
modelling in a boost PFC converter has been proposed. The 
proposed analytical model has been investigated for two 
different switching frequencies. Moreover, the presented 
simulation and experimental results have validated the proposed 
modeling approach.  The obtained results show that the error of 
utilizing the proposed method versus simulation and 
experimental quasi-peak measurements is less than 1.2 dB at 20 
kHz and 1.25 at 25kHz switching frequencies. As a result, the 
developed analytical approach can provide high accuracy for 
differential mode EMI noise modelling, which can be employed 
for EMI filter design and investigation of EMI emissions at large 
scale systems.   
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